We report on the enhancement of photoluminescence ͑PL͒ from polymer thin films by nanotexturing their surfaces using nanoporous anodic alumina oxide templates. Chromophore-embedded polystyrene films with nanostructured surfaces are prepared by imprinting 200 nm diameter nanopillars with various heights, and their PL output and angular emission are observed. The PL output increases and the angular distributions broaden as the height of the nanopillars increases. For 5 m tall nanopillars, the PL output is enhanced by a factor of 2.5 relative to the smooth surface. An effective refractive index model provides a qualitative description of the angular emission and PL output of nanotextured surface but underestimates the degree of PL enhancement. Comparison of the nanopillared films with surfaces randomly roughened using sandpaper shows that the details of the texturing have a significant impact on the PL output characteristics. These results show that imprinted nanopillars provide a simple and controlled way to increase the PL output of luminescent polymer films.
I. INTRODUCTION
There are technical applications in optics where it is desirable to maximize the photoluminescence ͑PL͒ output from a polymer film. In most cases, the polymer is doped with a luminescent chromophore and then excited using a laser. This type of system has practical applications, for example it can be used as a way to image the expansion of thin "gossamer" films in space.
1 A second major area of interest is the use of polymer film fluorescence as a modality for chemical sensing. [2] [3] [4] [5] In both cases, one excites the film with a given laser power and desires a maximum luminescence output. To achieve this, one wants to enhance both the absorbed laser power and the escape of the emitted photons from the film into free space where they can be collected by a detector. For enhanced absorption, many workers have explored the use of surface texturing to enhance absorption through the use of scattering surface features. [6] [7] [8] For example, recent work on nanopillared semiconductor surfaces has demonstrated a factor of 2 enhancement in their photoelectrochemical activity due to the optical concentration effects of the nanopillars. 9 When a surface is also luminescent, the problem becomes more complicated. For such a system, the amount of external PL ͑PL ext ͒ detected can be written as PL ext = I 0 P abs P fl P esc , ͑1͒
where I 0 is the number incident photons, P abs is the probability that a photon is absorbed by a chromophore within the film, P fl is the probability that an excited chromophore will emit a photon ͑also known as the quantum yield͒, and P esc is the probability that the emitted photon escapes the film into free space, where it can be detected. In general, P fl is a molecular quantity that cannot be changed by modifying the preparation of the thin film. But both P abs and P esc are sensitive to the morphology of the thin film and can, in theory, be optimized to increase the total PL output. We first consider P abs . For a smooth, homogeneous film, we define P abs 0 which is given by Beer's Law:
where the second equality holds for a weakly absorbing film. is the molecular absorption coefficient of the chromophore dopant, C is the concentration of the dopant, and L is the film thickness. Obviously, we can increase P abs 0 by increasing C or L but this requires additional dopant molecules. If we fix the total number of dopants, then CL will be a constant and thus P abs 0 is also fixed. But it was recognized early on that the effective path length can be increased by making the incident light deviate from its normal path, usually through the use of scattering. Several workers have shown that for a weakly absorbing medium, the effective path length ͑and thus absorption͒ probability can be enhanced by a factor of 4n 2 , where n is the host material refractive index. 10, 11 This enhancement if P abs in a scattering medium can be accompanied by an increase in P esc through the following reasoning. When a chromophore emits a photon in an isotropic slab with smooth surfaces, total internal reflection traps a portion of the emitted light inside the slab where it propagates indefinitely. Assuming that the external medium is air, n air = 1.0, this fraction of trapped light is given by
and for a smooth film we define the escape probability P esc 0 as P esc
If the slab surface is roughened, however, then every emitted photon will eventually encounter a surface where the conditions of total internal reflection are not fulfilled and thus JOURNAL OF APPLIED PHYSICS 108, 033114 ͑2010͒
escape from the slab. In this case f trap → 0 and P esc → 1. So in principle, a textured or roughened surface can lead to a new expression for the PL output:
If we consider the ratio of the textured to smooth film PL output, we find
͑6͒
If polystyrene, n = 1.59, is chosen as the host polymer, in theory we would expect a factor of 45 enhancement in the PL output of the roughened film. Although the considerations that give rise to Eq. ͑6͒ are somewhat naïve, neglecting effects like self-absorption, this simple derivation suggests that surface texturing can give rise to an observable enhancement in PL output. Recent work has suggested that relatively shallow photonic crystal features can indeed give rise to enhanced PL from chromophores embedded in polymers but no systematic study of the optical properties or optical analysis was performed. 13 The goal of this paper is to present an experimental study of the effects of surface texturing on the PL output of laser excited dye-doped polymer films. We use the dye 1,6,7,12-tethraphenyl ether 2,2Ј-N, NЈ-di͑1,3-diisopropylbenzene͒-diimide 3,4,9,10-perylenetethracarbon acid, commonly referred to as lumogen red ͑LR͒, embedded in a polystyrene ͑PS͒ film. We texture the surface of the film in following two ways: first by using imprinting with a porous anodic alumina oxide ͑AAO͒ template to create a uniform array of nanopillars, and second by using sandpaper to create a surface with more randomized roughness. We find that texturing the surface of the polymer film leads to an enhanced PL output, by a factor of 2 or greater and a broadening of the angular distribution of emitted light. The output depends on the nanopillar height, with higher pillars leading to enhanced PL output. A randomly roughened surface also demonstrates enhanced output but significantly less than that of the comparable nanopillared surface. Using effective refractive index theory, we are able to describe the shape of the angular emission, but underestimate the enhancement in PL output. We think that the extra enhancement is due to an increased absorption path length due to scattering. Our results show that it is possible to significantly enhance the PL output of a luminescent polymer film in a controlled and reproducible way using nanopillars. This practical improvement in PL output may be of interest for fields where organic materials are used to absorb or transmit light, for example solar cells, luminescent solar concentrators, and organic light-emitting diodes.
II. EXPERIMENTAL
Nanotextured surfaces of fluorophore-embedded polystyrene were prepared by imprinting nanopillars on a smooth film using nanotemplates, anodic alumina membranes ͑Whatman Co.͒, above its glass transition temperature. Smooth films were prepared by casting a homogenous solution of LR ͑BASF, recrystallized͒ and PS ͑ Aldrich, 280 000 M.W.͒ in xylene ͑25 wt %͒ on glass slides and drying them slowly in closed chambers. Prepared films have ϳ100 m thickness and the concentration of LR in PS is 0.44 mM from the absorption measurement. Anodic membranes were placed on heated films with processing temperature between 160 and 180°C and processing time between 1 and 15 min, producing various lengths of nanopillars depending on the processing conditions. The membranes were dissolved in a 5% NaOH solution of 4:1 mixture of water and methanol. Samples with 400, 800, 3000, and 5000 nm pillars were selected for the emission experiments. For comparison purposes, a film was sandpapered to form a random structured surface in micron scale, without using a nanotemplate. Grit 1000 sandpaper was used to rub the surface in perpendicular directions with moderate pressure by hand. The samples were characterized using scanning electron microscopy ͑SEM͒ with a XL30 FEG ͑FEI Co.͒ operating at 10 kV.
Absorption spectra of smooth and nanostructured surfaces were collected using a CARY 50 Bio UV-Vis Spectrophotometer. Steady state fluorescence was obtained using Spex Flurolog Tau-3 fluorescence spectrometer with front face excitation ͑ ex = 500 nm͒ of the samples. To excite the fluorescence, a cw diode-pumped solid state neodymuimdoped yttrium aluminum garnet laser with 532 nm wavelength was attenuated to have 0.2 W power, chopped, and directed through a 50 cm focal length lens onto the sample. The fluorescence was detected by a photomultiplier tube sensor ͑Hamamatsu͒, which is attached at one end of a bar with the other end pinned at the position of the sample. This enables the detector to rotate around the sample at a constant distance of 18.5 cm in order to resolve the angular emission pattern. The solid angle of detection was 2.5 degrees. The emission was measured from Ϫ90°to +90°, where 0°is exactly perpendicular to the surface of the sample, at 10°i ntervals except at 0°because the detector blocks the incident laser. Lock-in detection was used to isolate the signal due to the laser excitation. A Schott glass OG570 filter is attached in front of the detector to cut off the light with shorter than 570 nm wavelength to block scattered laser light.
The preparation method of solution casting used for our experiments can result in slightly different thickness of films. To control for variations in film thickness, the measured data were normalized based on the absorption and emission from a smooth area of each film, and the absorption and emission results of nanotextured films were scaled using the same correction factor.
III. RESULTS AND DISCUSSION
The PS films are made by drop-casting a mixed solution of LR and the polymer in xylenes onto a clean glass surface. The resulting films, approximately 100 m in thickness, are then heated and AAO porous templates are placed in contact with the top surface of the hot polymer film. Previous workers have demonstrated the tendency of molten polymers to wet the AAO template and form nanopillars.
14-17 After cooling, the entire structure is dipped into a basic solution, which dissolves the alumina template, leaving the imprinted poly-mer film behind. The height of the surface nanopillars is controlled by both the processing temperature and by the amount of time the template is in contact with the surface, and can be reproducibly varied between a few hundred nanometers and about 5 m. The resulting surfaces can be characterized using cross-sectional SEM. Results for pillar heights of 0, 400, 800, 3000, and 5000 nm are shown in Fig.  1 . The relatively short height of the pillars, along with their close-packed density, makes them retain their vertical orientation even after removal of the template. The tops of the pillars often appear hollow due to capillary action during the rod growth, where the polymer wets the sides of the channel preferentially. The majority of the pillar is solid as confirmed by SEM examination of broken rods and of rods from a vertical perspective.
The growth of the nanopillars is accompanied by a change in the optical properties of the film. By eye, the imprinted spot appears whitish on the red background of the intact film. This is due to a wavelength-independent scattering from the nanotextured region of the polymer film. Figure  2͑a͒ shows the absorption spectra of the five films from Fig.  1 . The peaks at 530 and 575 nm correspond to LR's intrinsic absorption peaks. As the height of the nanopillars is increased, these intrinsic peaks ride on top of a scattering background. But while the scattering background rises, the position and shape of the absorption spectrum superimposed on it remain unaffected. Similar trends are observed in the PL behavior of the LR-doped polymer films. Figure 2͑b͒ compares the fluorescence spectra of the smooth and 5000 nm pillared films. The spectrum from the nanostructured film is slightly distorted, most likely due to self absorption that attenuates the high energy side of the fluorescence spectrum. But the overall spectral shape is conserved, and separate measurements of the LR fluorescence decays yield the same lifetime ͑5.5+ / −0.2 ns͒ for both films, which indicates that the quantum yield ͑P fl ͒ is unaffected by the presence of the nanopillars, similar to what has been observed in other types of dye-doped nanoimprinted polymer films. 18 Thus the nanotexturing appears to affect only the optical properties of the film, and not the photophysical properties of the dye molecules embedded in it. The dramatic changes in the bulk optical properties generated by surface texturing can be seen when the PL emission properties are examined. When the PL emitted from the film is detected as a function of emission angle, as shown in Fig. 3͑a͒ , we find that both the angular distribution and the total amount of emitted PL depend on the pillar height. Figure 4 shows a plot of the peak PL output FIG. 1. Scanning electron micrographs of smooth and nanostructured surfaces. ͑a͒ Top view of 3000 nm high pillars in contact with smooth surface region, ͑b͒ cross-sectional view of 400 nm pillars, ͑c͒ cross-sectional view of 800 nm pillars, ͑d͒ cross-sectional view of 3000 nm pillars, and ͑e͒ cross-sectional view of 5000 nm pillars.
FIG. 2.
͑Color online͒ ͑a͒ Absorption spectra of smooth and nanopillared surfaces of different heights. ͑Smooth film= solid line, 400 nm= dashed line, 800 nm= dotted line, 3000 nm= upper solid line, 5000 nm= dashed-dotted line.͒ Note that the 400 nm and 800 nm data overlay each other. ͑b͒ Normalized fluorescence spectra of smooth ͑solid line͒ and 5000 nm nanostructured ͑dashed line͒ surfaces. versus pillar height. After an initial rise, the output intensity appears to level off for the tallest pillars. The increased PL emission from the textured films is readily apparent by eye when compared to smooth films.
In order to understand the experimental results in Fig.  3͑a͒ , we turn to an analysis in terms of Fresnel optics, where each medium is characterized only by its dielectric properties, specifically the refractive index n. The calculation of emission patterns and efficiencies in smooth organic multilayer systems has been the subject of much work in the field of organic light-emitting diodes. [19] [20] [21] [22] [23] Previous workers have also considered how to optimize the output of lightemitting diodes, with approaches including patterned surfaces, [24] [25] [26] photonic crystal structures, 27-29 microlens arrays, 30 low refractive index layers, 31 and scattering layers. 32, 33 To quantitatively analyze the output of such structures, the simplest approach is to assume that the presence of the low concentration of chromophores does not modify the overall index of the host material PS, which has n PS = 1.59. We can take the refractive index of the PS-air nanopillar composite to be the weighted average of the two components using the Biot equation for mixed materials:
Given a pillar density of 9 ϫ 10 8 cm −2 , we find that f PS = 0.283, and given n air = 1.0 and n PS = 1.59, we find an effective refractive index n ef f = 1. 16 . Note that the absorbance of the entire film is only 0.2 at the peak, as can be seen from Fig. 2 . Thus the emission originates from molecules both in the top nanopillared layer and in the much thicker, untextured PS layer beneath it. This physical picture then leads to the necessity for a calculation of the emission from a threelayer system where the layers consist of air ͑n air = 1.0͒, the variable thickness nanopillared layer with refractive index n ef f , and finally bulk PS ͑n PS = 1.59͒. This model, whose solution was derived by Crawford, 35, 36 can be solved numerically to generate both the emission angular distribution and amplitude. For our calculated curves in Fig. 3͑b͒ , the LR chromophores are assumed to be randomly oriented and evenly distributed through the last two layers. The number of emitters at a given depth is proportional to the concentration of excited chromophores as calculated using Eq. ͑2͒ and the known values of C and for LR at the laser wavelength. We further assume that the effective path length of the pillared layer is enhanced by a factor 4n PS 2 due to scattering within that layer. The enhanced absorption in the nanopillared layer concentrates more of the emission in this low-index layer and enhances the PL output. If this enhanced absorption is not present, the calculations predict even smaller PL enhancements than those shown in Figs. 3͑b͒ and 4 . The calculated emission patterns are shown in Fig. 3͑b͒ in order to easily compare them to the experimental data. This model does a reasonable job of predicting the changing angular distribution, but underestimates the amount of enhancement in the PL output, as shown in Fig. 4 , where the calculated emission amplitudes are plotted along with the experimental values. The inability of the effective refractive index approach to fully reproduce the increase in PL output may stem from its neglect of scattering and enhanced absorption due to increased light paths within the sample, as described in the Introduction. Varying the effective absorption of the layers, or the refractive index of the composite layer, did not appreciably change the results. Nevertheless, it is encouraging that at least qualitative trends in the emission properties can be understood in terms of this relatively simple model. In order to quantitatively model our data in a self-consistent way, more sophisticated multiple scattering models would probably be required. 37 Such modeling is beyond the scope of this paper, where the aim is to simply demonstrate that surface texturing can significantly enhance PL output. The amount of enhancement, while greater than that predicted by the effective refractive index model, is far less than what was predicted based on Eq. ͑6͒ in Sec. I. There are several experimental factors that could limit the total PL output. First, we have noticed that during the imprinting process, some of the polymer is displaced by the template. Thus the total amount of polymer ͑and thus dye͒ is lower in the textured region, leading to lower overall signal due to the lower number of chromophores in this region of the film. In other words, our normalization scheme underestimates the enhancement since it does not take into account the decrease in total polymer in the textured region. Second, the emission volumes are different for the smooth films ͑where emission only originates from the laser focus͒ and the textured films ͑where the emission is spread over a larger area due to the scattering of the excitation beam͒. Light from the laser focal spot in the smooth film will be more easily collected than that from the more diffuse spot on a scattering surface. These two factors are consequences of how the experiment is done and can, in principle, be corrected for. But we estimate that these two factors only decrease the detected PL output by 10% or less. Probably the most important limitation is that even the largest pillars are still quite far from the idealized scatterers that would lead to the enhancement factor of 4n 2 . We know this because we can see that the incident laser beam is not perfectly scattered by the surface-a transmitted beam and a specular reflection are clearly visible after the beam hits the sample. The fact that the absorption values for this sample only reach about 1.0 also shows that not 100% of the incident light is scattered. Using the preparation method in this paper, we were unable to prepare longer nanopillars due to the limitations of the capillary flow of the molten PS up through the AAO channels.
Given the height limitations of our nanopillars, it is natural to ask whether other surface roughening methods would work as well or better than the AAO imprinting method. Figure 5͑a͒ shows a PS surface after roughening with 1000 grit sandpaper. The absorption spectrum of this film shows a higher scattering background than that of the 3000 nm pillared films ͓Fig. 5͑b͔͒. But even though the scattering losses are comparable for the two films, the PL output and angular distribution functions are quite different, as evidenced in Fig.  5͑c͒ . The sandpapered film has a different shape, with increased emission at oblique angles, and a 30% lower peak output than the nanopillared film. A possible reason for the increased output at shallow angles can be gleaned from the SEM image in Fig. 5͑a͒ , which shows that rubbing sandpaper on the surface tends to leave long troughs and strips that may act as weak waveguides along the film surface. The nanopillars cannot act as horizontal waveguides, and are also too short and thin to be effective waveguides in the vertical direction. This lack of directionality in the nanopillared surface is probably what leads to the more Lambertian emission pattern from this film.
IV. CONCLUSION
The data in this paper confirm that it is possible to use nanoscale texturing to modify the characteristics of the PL output of dye-doped polymer films. In addition to increasing the amount of light emitted at shallow angles, the total PL flux from the thin film was increased by a factor of 2.5 for a film where 5000 nm high nanopillars have been imprinted on FIG. 5 . ͑Color online͒ ͑a͒ SEM image of sandpapered film. ͑b͒ Absorption spectra of smooth, sandpapered, and nanotextured ͑3000 nm͒ film. ͑c͒ Angular emission of smooth film, sandpapered film, and nanotextured ͑5000 nm͒ film.
the surface. A model that assumes that the textured layer acts as a homogeneous medium with an effective refractive index somewhere between that of air and the host polymer provides a qualitative description of the angular emission characteristics of the textured film, but cannot fully reproduce the size of the enhanced PL output. A quantitative understanding of our results will likely require more sophisticated models that explicitly include anisotropic light scattering. This conclusion is supported by the comparison of the PL output from the structured nanopillar films with that from surface roughened using sandpaper and random rubbing. Despite similar scattering losses, the sandpapered surface has a significantly different angular distribution and 30% smaller output efficiency. Thus the detailed microscale and nanoscale morphology of the textured surface significantly affects its PL output characteristics. Although our experimental results are far from the enhancement predicted by the simple theoretical considerations described in Sec. I, it is clear that surface texturing using the AAO imprinting method provides a controlled way to increase the PL output of luminescent polymer films.
